introduction
============

Repeated activation of skeletal muscle causes fatigue which is characterized by reduced isometric force, reduced shortening velocity, and slowed relaxation (for recent reviews see [@B13]; [@B1]). During normal locomotion the slowing of relaxation may be of great importance because slowed relaxation of antagonist muscles might counteract the desired movement during rapid, alternating movements ([@B20]). The nervous system, of course, can compensate for this by shortening the period during which muscles are activated in each phase of the movement. However, this adjustment of the activation pattern will result in reduced power output during the desired movement.

Relaxation can be divided into two components: (*a*) Ca^2+^ removal from the myoplasm (calcium component) and (*b*) Ca^2+^ dissociation from troponin followed by cross-bridge detachment (cross-bridge component). Consequently, slowing of relaxation can be caused by slowing of one or both of these components. We have recently developed a method to separate the two components ([@B46]). This method involves construction of Ca^2+^-derived force records from measurements of the myoplasmic free \[Ca^2+^\] (\[Ca^2+^\]~i~) during tetani and the steady-state \[Ca^2+^\]~i~-force relation. The Ca^2+^-derived force records will represent a situation where force is responding instantly to changes in \[Ca^2+^\]~i~, i.e., without delays due to, for example, cross-bridge attachment and detachment. By comparing real and Ca^2+^-derived force it is possible to distinguish between the postulated calcium and cross-bridge components of the slowing of relaxation in fatigue. We have applied this method to intact, single fibers from a mouse toe muscle during fatigue produced by repeated, short tetani and found the slowing of relaxation to be caused by factors down-stream to Ca^2+^-handling; i.e., the cross-bridge component ([@B47]).

In the present study we used the Ca^2+^-derived force method to analyze the cause of the more profound slowing of relaxation observed during fatigue of fibers from *Xenopus* frogs. In addition, we used a method originally described by [@B39], on both *Xenopus* and mouse fibers: fibers were rapidly shortened during relaxation, and the time to the peak of force redevelopment was measured. If during fatigue \[Ca^2+^\]~i~ remained high enough to maintain cross-bridge attachment for a longer time during relaxation (i.e., increased calcium component), we would expect a larger force redevelopment with the peak occurring later. If, on the other hand, the slowing is due to a slowing of the cross-bridge component, the peak of force redevelopment would be expected to occur at about the same time as under control conditions.

The two methods gave similar results and show that about half of the slowing of relaxation in *Xenopus* fibers can be ascribed to the calcium component and the other half to the cross-bridge component. In fatigued mouse fibers, on the other hand, all of the slowing seems to be due to the cross-bridge component. These results suggest that the Ca^2+^ removal from the myoplasm is less effective in *Xenopus* frog fibers as compared to mouse fibers and this suggestion was supported by analysis of the Ca^2+^ uptake into the sarcoplasmic reticulum (SR).^1^ The origin of the cross-bridge component is unclear, but in fatigue we observed an increased resistance to stretch during relaxation, especially in *Xenopus* fibers. This indicates that longitudinal movements during relaxation become less pronounced during fatigue and this might contribute to the cross-bridge component.

materials and methods
=====================

Adult, female *Xenopus laevis* were killed by stunning followed by decapitation. Single fibers were then dissected from the lumbrical muscles of the hindlimb following a procedure described elsewhere ([@B26]). Two fiber types with different fatigue resistance were used: easily fatigued fibers which are large and transparent (type 1) and fatigue-resistant fibers which are somewhat smaller and have a more granular appearance (type 2) ([@B52]). Fibers were stretched to the length giving maximum tetanic force (sarcomere length ∼2.3 μm) and stimulated by 350--400 ms trains of brief current pulses (0.5-ms duration, 1.2 × threshold) at 70 Hz. Under control conditions fibers were allowed to rest for at least 3 min between tetanic contractions. Fatigue was produced by initially producing tetani at a 4-s interval, and then the interval was gradually reduced until tetanic force was reduced to ∼40% of the control ([@B52]).

Male mice were killed by rapid neck disarticulation, and the flexor brevis muscle of the hindlimb was removed. Fiber dissection and mounting have been described elsewhere ([@B27]). Fibers were stretched to the length where maximum tetanic force was obtained (sarcomere length ∼2.4 μm). Stimulation and fatiguing protocol were as described for *Xenopus* fibers above, except that the tetanus duration was slightly shorter (330--350 ms).

All experiments were performed at room temperature (22°C). *Xenopus* fibers were bathed in a standard Ringer solution of the following composition (mM): NaCl, 115; KCl, 2.5; CaCl~2~, 1.8; Na-phosphate buffer, 3.0; pH = 7.0. During experiments mouse fibers were superfused by a standard Tyrode solution (mM): NaCl, 121; KCl, 5.0; CaCl~2~, 1.8; MgCl~2~, 0.5; NaH~2~PO~4~, 0.4; NaHCO~3~, 24.0; glucose, 5.5; EDTA, 0.1; 0.2% FCS was added to the solution. This solution was bubbled with 5% CO~2~ and 95% O~2~ which gives a pH of 7.3.

Values are presented as mean ± SEM; *t* tests were used to evaluate statistical significance and the significance level was set at 0.05.

Measurement of \[Ca^2+^\]~i~ and Construction of Ca^2+^-derived Force Records
-----------------------------------------------------------------------------

\[Ca^2+^\]~i~ was only measured in *Xenopus* fibers. For this purpose the fluorescent Ca^2+^ indicator indo-1 was pressure injected into fibers; methods for measuring fluorescence signals and converting these into \[Ca^2+^\]~i~, using an intracellularly established calibration curve, are given in [@B51]. During fatigue fibers become acidified which will affect the Ca^2+^ sensitivity of indo-1 ([@B29]; [@B46]). We have corrected for this, taking in vitro values of the pH sensitivity of indo-1 from [@B46] and measured values of the acidosis in fatigue: 0.6 and 0.3 pH-units in type 1 and 2 fibers, respectively ([@B53]). Thus, under control conditions the dissociation constant of indo-1 is 311 nM ([@B51]), and this value was multiplied by 1.15 for fatigued type 1 fibers and 1.07 for fatigued type 2 fibers.

Ca^2+^-derived force records were constructed from the \[Ca^2+^\]~i~ signal during tetani and the steady-state \[Ca^2+^\]~i~-force relation in the same fiber ([@B46]). The upper part of the \[Ca^2+^\]~i~-force relation under control conditions was obtained from tetani at reduced frequencies, whereas the lower part was obtained after fatiguing stimulation when fibers were recovering from post-contractile depression (PCD; [@B52]; for full description see [@B50]). The \[Ca^2+^\]~i~-force relation in fatigue was obtained from tetani produced during late fatigue.

\[Ca^2+^\]~i~-force data points were obtained from averages over the final 100 ms of stimulation or an integral number of stimuli at reduced stimulus frequencies. The following Hill equation was fitted to the data points: $$\documentclass[10pt]{article}
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\begin{equation*}P=P_{max}[Ca^{2+}]_{i}^{N}/(Ca_{50}^{N}+[Ca^{2+}]_{i}^{N}),\end{equation*}\end{document}$$

where *P* is the relative force, *P* ~max~is the force at saturating \[Ca^2+^\]~i~, Ca~50~ is the \[Ca^2+^\]~i~ giving 50% of *P* ~max~, and N is the Hill coefficient which is related to the steepness of the relation. The continuous relation from this expression was used to convert tetanic \[Ca^2+^\]~i~ signals to Ca^2+^-derived force. It should be noted that errors in the dissociation constant for indo-1 and its pH correction (see above) will not have any significant effect on Ca^2+^-derived force because tetanic \[Ca^2+^\]~i~ signals and the \[Ca^2+^\]~i~-force relation will be affected to the same extent.

Changes of both Ca^2+^-derived and real force relaxation were assessed as the time from the end of stimulation until force had fallen to 70% of the maximum force in the tetanus. This force level was chosen so that measurements should not be affected by the bump in the \[Ca^2+^\]~i~ record during relaxation. This bump coincides with the transition between the linear and exponential phase of relaxation (see Fig. [2](#F2){ref-type="fig"}) and may reflect Ca^2+^ unloading from troponin due to an increased rate of cross-bridge detachment and hence reduced Ca^2+^ affinity of troponin ([@B6]).

Analysis of the SR Ca^2+^ Uptake
--------------------------------

The prolonged increase in \[Ca^2+^\]~i~ after tetani were used to estimate the function of the SR Ca^2+^ uptake as originally described by Klein et al. ([@B22]; see also [@B48]). A double exponential function is first fitted to the prolonged elevation in \[Ca^2+^\]~i~ after a tetanus and from this function data-points of the rate of \[Ca^2+^\]~i~ decline (d\[Ca^2+^\]~i~/d*t*) vs. \[Ca^2+^\]~i~ are obtained. Thereafter the following equation is fitted to these data-points: $$\documentclass[10pt]{article}
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\begin{equation*}d[Ca^{2+}]_{i}/dt=A[Ca^{2+}]_{i}^{N}-L,\end{equation*}\end{document}$$

where *A* reflects the rate of SR Ca^2+^ uptake, N is a power function, and *L* is the SR Ca^2+^ leak.

Releases during Relaxation
--------------------------

Experiments with releases during relaxation were performed on both *Xenopus* and mouse fibers. In these experiments one tendon of the fiber was attached to the moveable arm of a galvanometer (G120DT; General Scanning, Watertown, MA). The position of this arm could be changed rapidly by altering the current passing through the galvanometer coil. During the initial part of relaxation the fiber was rapidly shortened to a length where zero force was produced (slack length); during fatiguing stimulation these shortening steps were performed in every tenth tetanus. The step sizes ranged between 100 and 250 μm in the longer *Xenopus* fibers (fiber lengths 1.5--2.0 mm) and between 50 and 70 μm in the shorter mouse fibers (fiber lengths 0.6--0.8 mm). The timing and length of the shortening step were kept constant in each experiment and set so that a small, but clear redevelopment of force was obtained under control conditions.

Measurements of the relaxation speed were performed in two successive tetani, one with and one without shortening. In tetani with shortening we measured the time from the end of stimulation until the peak of redeveloped force (t~1~in Fig. [6](#F6){ref-type="fig"} *B*); in tetani without shortening we measured the time from the end of stimulation until force had declined to the same level as the peak force after shortening (t~1~ + t~2~ in Fig. [6](#F6){ref-type="fig"} *B*). In mouse fibers there was a small decline in the resting force after the shortening step. The peak force after the release was therefore measured from the resting force level after the tetanus, which meant that in tetani with and without releases measurements at the same relative force were performed at slightly different absolute force levels (difference equals the change in force baseline; see Fig. [6](#F6){ref-type="fig"}, *C* and *D*).

The rationale behind measuring the time to the peak of force redevelopment is that the peak would, at least in a simplified model, reflect the instant when the effective Ca^2+^ concentration gives equal rates of cross-bridge attachment and detachment. Thus it might relate to one point on the relaxation of a Ca^2+^- derived force record. The time between the peak of force redevelopment and the same force level in the preceding tetanus without shortening would then represent the cross-bridge component of relaxation.

In the paper of [@B39] where the above method was originally described, releases were given at various times and in this way complete "active state" curves during relaxation could be obtained. However, during fatiguing stimulation there is not a steady-state situation and slowing of relaxation gradually becomes more prominent. Thus complete active state curves cannot be obtained during fatigue since this would require measurements from a series of tetani in which the relaxation of later tetani will be markedly slower. Because of this we decided to use only one type of release with constant timing and step size throughout each experiment. Furthermore, by using a constant step size we avoid the problem that different step sizes give different active state curves ([@B4]).

Fiber Stretching
----------------

In some experiments fibers were stretched during the plateau of tetani and at various times during relaxation. The equipment used for these experiments was the same as for the shortening experiments. The lengthening step was 100 μm in *Xenopus* fibers and 40 μm in mouse fibers and occurred at a constant velocity of about 0.6 mm s^−1^.

results
=======

\[Ca^2+^\]~i~ Measurements during Fatigue
-----------------------------------------

Changes of tetanic \[Ca^2+^\]~i~ and force during fatigue of *Xenopus* fibers (Fig. [1](#F1){ref-type="fig"}) showed a pattern similar to that previously observed in *Xenopus* fibers ([@B2]; [@B30]) and also in mouse fibers ([@B44], [@B47]). Thus during the initial 10--20 tetani there was a rapid fall of force to ∼80% of the control accompanied by an increase of tetanic \[Ca^2+^\]~i~ (phase 1). Then followed a period where force fell more slowly (phase 2), and, finally, force again started to fall more rapidly (phase 3). Tetanic \[Ca^2+^\]~i~ was markedly reduced during phase 2, but it still remained high enough to provide almost complete activation of the contractile machinery; that is, tetanic \[Ca^2+^\]~i~ fell along the flat part of \[Ca^2+^\]~i~-force curves (see Fig. [3](#F3){ref-type="fig"}). During phase 3, on the other hand, tetanic \[Ca^2+^\]~i~ fell along the steep part of \[Ca^2+^\]~i~-force curves and hence contributed to the rapid reduction of force observed during this period. As described previously (e.g., [@B52]), type 1 fibers fatigued more rapidly than type 2 fibers; 82 ± 21 tetani given at a final interval of 3 s were required to reduce force to 40% of the control in type 1 fibers, whereas 236 ± 28 tetani given at a final interval of 1--1.5 s were needed in type 2 fibers.

Fig. [2](#F2){ref-type="fig"} shows selected tetani from a typical fatigue run obtained in a type 2 fiber. It can be seen that relaxation is slowed during fatigue and so is the decline of \[Ca^2+^\]~i~ at the end of stimulation. However, it cannot be directly concluded that this slowed \[Ca^2+^\]~i~ decline is the cause of the reduced rate of force relaxation because it might be counteracted by a reduced myofibrillar Ca^2+^ sensitivity as shown for mouse fibers ([@B47]). The \[Ca^2+^\]~i~ records obtained in control and in the tenth fatiguing tetanus display a clear bump during relaxation ([@B6]). This bump starts at about the time of transition between the initial slower phase of force relaxation and the subsequent faster phase. At the end of phase 2, on the other hand, the decline of \[Ca^2+^\]~i~ during relaxation is generally slowed and the bump is less clear.

The Ca^2+^ indicator used in the present study, indo-1, is relatively slow and might not accurately follow \[Ca^2+^\]~i~ changes during tetani. In Fig. [2](#F2){ref-type="fig"} we also show records where the indo-1--derived \[Ca^2+^\]~i~ has been corrected for the kinetics of indo-1. The correction has been performed using a Ca^2+^ off rate of indo-1 of 52 s^−1^, which is the value obtained when indo-1 \[Ca^2+^\]~i~ transients during twitches were compared with transients obtained with the much faster indicator mag-indo-1 ([@B51]). The correction was performed exactly as described in [@B51] and shows an initial spike of \[Ca^2+^\]~i~ at the onset of contractions, which was not present without correction. During the rest of the tetani, the corrected and uncorrected records were similar except for a higher noise level with correction. During relaxation the corrected and uncorrected records are virtually identical; a close inspection reveals that the corrected records precede the uncorrected by 1--2 ms. Thus, kinetic correction of indo-1 does not have any significant impact on \[Ca^2+^\]~i~ during relaxation and all analyses in the following have been performed on uncorrected records.

\[Ca^2+^\]~i~ - force Relations
-------------------------------

\[Ca^2+^\]~i~ - force curves under control conditions and during fatigue were constructed as described in [materials and methods]{.smallcaps}. Fig. [3](#F3){ref-type="fig"} shows typical examples from a type 1 fiber. It can be seen that the two methods used to construct \[Ca^2+^\]~i~-force curves under control conditions (tetani at reduced stimulation frequency and tetani during PCD) give similar results and overlap.

Mean values of P~max~, Ca~50~, and N (Eq. [1](#E1){ref-type="disp-formula"}) are given in Table [I](#TI){ref-type="table"}. During fatigue there was a reduction of the maximum force (P~max~) by ∼15% in both type 1 and type 2 fibers, while the power function (N) was not significantly altered in any of the two fiber types. Ca~50~ was significantly increased in type 1 fibers but showed no change in type 2 fibers, which means that the myofibrillar Ca^2+^ sensitivity was reduced in type 1 fibers but not in type 2 fibers. Under control conditions type 1 fibers appeared to be more sensitive to Ca^2+^ than type 2 fibers but this difference was not significant.

Ca^2+^-derived Force
--------------------

Ca^2+^-derived force records were constructed from tetanic \[Ca^2+^\]~i~ records and \[Ca^2+^\]~i~-force curves obtained in the same fiber. These Ca^2+^-derived force records were compared to real force records under control conditions and at the end of phase 2. Fig. [4](#F4){ref-type="fig"}, *A* and *B*, shows a representative example of this type of analysis performed in a type 1 fiber. It can be seen that relaxation of both the real and Ca^2+^-derived force was markedly slowed at the end of phase 2. Fig. [4](#F4){ref-type="fig"} *C* summarizes the results from all seven fibers studied (three type 1 fibers and four type 2 fibers); data from the two fiber types have been pooled since the results from type 1 and type 2 fibers showed no significant difference. The time to 70% relaxation of real force (t~1~ + t~2~) in control amounted to 70.0 ± 6.8 ms and was in each experiment set to 100%. At the end of phase 2, the time for real force relaxation had increased by 110% due to a slowing of both the calcium component (corresponding to t~1~) and the cross-bridge component (corresponding to t~2~) of relaxation. Moreover, the relation between the calcium and the cross-bridge component showed some decline during fatigue: t~1~/(t~1~ + t~2~) being 0.61 in control and 0.47 at the end of phase 2.

The effect of the bump in \[Ca^2+^\]~i~ during relaxation is clearly seen in the Ca^2+^-derived force record obtained in control (Fig. [4](#F4){ref-type="fig"} *A*). Relaxation of the Ca^2+^- derived force reverses transiently at ∼40% of the tetanic force and thereafter real force relaxation precedes Ca^2+^-derived force. Thus at this time relaxation is no longer driven by a decline in \[Ca^2+^\]~i~; rather it would be determined by longitudinal movements within the fiber with some parts shortening while others are being lengthened ([@B18]; [@B7]). It should be noted that any influence of the bump on measurements of Ca^2+^-derived force relaxation was avoided by measuring relaxation times at 70% of the tetanic force, i.e., before the occurrence of the bump. At the end of phase 2, the rate of decline of Ca^2+^-derived force was slowed at ∼50% of the tetanic force (Fig. [4](#F4){ref-type="fig"} *B*). Relaxation seems to be more isometric in fatigue than in control (see below) and the slow, final decline of Ca^2+^-derived force at the end of phase 2 might therefore have a large impact on real force relaxation.

Analysis of the Rate of SR Ca^2+^ Uptake
----------------------------------------

The prolonged elevation of \[Ca^2+^\]~i~ after tetani was used to estimate changes of the SR Ca^2+^ uptake in fatigue as described in [materials and methods]{.smallcaps}. There was no obvious difference between these prolonged elevations in type 1 and type 2 fibers and therefore the analysis has been performed on pooled data from both fiber types. Fig. [5](#F5){ref-type="fig"} *A* shows average records of \[Ca^2+^\]~i~ after tetani in control and at the end of phase 2. \[Ca^2+^\]~i~ during relaxation was markedly larger at the end of phase 2 whereas the rate of \[Ca^2+^\]~i~ decline was more similar, which clearly indicates an altered Ca^2+^ handling during fatigue.

In Fig. [5](#F5){ref-type="fig"} *B* data-points of d\[Ca^2+^\]~i~/dt vs. \[Ca^2+^\]~i~ obtained from the double exponential fit of \[Ca^2+^\]~i~ after tetani (*dashed lines*, Fig. [5](#F5){ref-type="fig"} *A*) are plotted. The curves were obtained by fitting Eq. [2](#E2){ref-type="disp-formula"} to these data-points. To simplify comparison of the present data with data previously obtained in mouse fibers, the power function (N) was set to 4 ([@B47]), and this gave a decent fit both in control and at the end of phase 2. During fatigue there is a clear rightward shift of the curve, which reflects a reduced rate of SR Ca^2+^ uptake (A): at the end of phase 2, A was reduced to 52.4 μM^−3^ s^−1^ from a control value of 238 μM^−3^ s^−1^. The analysis also indicates an increased SR Ca^2+^ leak in fatigue and L was increased from 7.0 nM s^−1^ in control to 39.5 nM s^−1^ at the end of phase 2.

Releases during Relaxation
--------------------------

Fig. [6](#F6){ref-type="fig"}, *A* and *B*, shows a typical example of the force response to rapid shortening steps in *Xenopus* fibers. The redevelopment of force after the shortening step is much larger, and the peak occurs later at the end of phase 2 as compared to control. This indicates that during relaxation \[Ca^2+^\]~i~ remains high enough to promote cross-bridge attachment for a longer period at the end of phase 2. The dashed lines show the force of preceding tetani without shortening. It can be seen that both the time to peak force redevelopment (t~1~) and the lag between the peak and real force (t~2~) increase significantly during fatigue. This means that both the calcium component (corresponding to t~1~) and the cross-bridge component (corresponding to t~2~) contribute to the slowing.

Relaxation releases during fatigue were performed in six *Xenopus* fibers (three type 1 fibers and three type 2 fibers). No significant fiber type difference concerning the response to relaxation releases was observed and mean results from both fiber types are plotted in Fig. [6](#F6){ref-type="fig"} *C*; t~1~ + t~2~ in control was in each experiment set to 100%. At the end of phase 2, t~1~ + t~2~ had increased by 91% due to significant increases of both t~1~ and t~2~. The relation between t~1~ and t~2~ was not significantly changed during fatigue: t~1~/(t~1~ + t~2~) was 0.49 in control and 0.46 at the end of phase 2. Thus, these results agree with the above results obtained with the Ca^2+^-derived force analysis (see Fig. [4](#F4){ref-type="fig"} *C*) and show that the relaxation rate was about halved in fatigued *Xenopus* fibers and that this was due to significant slowing of both the calcium component and the cross-bridge component.

In a previous study on mouse muscle fibers using Ca^2+^-derived force analysis, we found the slowing of relaxation in these fibers to be exclusively caused by the cross-bridge component ([@B47]). This contrasts with the present results in *Xenopus* fibers obtained both with Ca^2+^-derived force and releases during relaxation. We have therefore looked at the response to rapid releases during relaxation in four mouse fibers and one typical experiment is shown in Fig. [6](#F6){ref-type="fig"}, *D* and *E*. A marked difference compared to *Xenopus* fibers can be seen: as relaxation slows during fatigue there was no clear increase of either the amplitude of force redevelopment or the time to its peak (Fig. [6](#F6){ref-type="fig"} *E*). Mean data (Fig. [6](#F6){ref-type="fig"} *F*) showed that the calcium component (t~1~) was not significantly altered during fatigue, whereas the cross-bridge component (t~2~) increased significantly by 30%. Thus, these results support the conclusion of our previous study ([@B47]) that the slowing of relaxation in fatigued mouse fibers is due to a slowed cross-bridge component. Furthermore, a comparison of Fig. [6](#F6){ref-type="fig"}, *C* and *F*, shows that there is a large difference in the degree of slowing in *Xenopus* and mouse fibers: the total relaxation time was approximately doubled in *Xenopus* whereas it increased by only 30% in mouse.

It may be argued that the force redevelopment after the release mainly depends on altered mechanical properties of the fibers during relaxation rather than on the calcium component. For example, after the transition between the initial slow phase of relaxation and the following faster phase, force redevelopment may be precluded due to longitudinal movements within fibers ([@B18]; [@B7]). We therefore measured the time from the end of stimulation to the midpoint of the "shoulder" on force relaxation records obtained in the accompanying tetani without releases and compared these measurements with the time to peak force after releases. Under control conditions, the time to the midpoint of the shoulder was 72.5 ± 5.1 ms in *Xenopus* fibers, which is significantly less than the time to peak force after releases (92.2 ± 4.9 ms). Thus in this case peak force occurred during the fast phase of relaxation (see Fig. [6](#F6){ref-type="fig"} *A*). The shoulder was less clear in fatigued *Xenopus* fibers which prevented accurate measurements of its duration. Moreover, relaxation also seems to be more isometric in fatigued *Xenopus* fibers (see below), which would reduce potential problems with altered mechanical properties. Mouse fibers displayed a clear shoulder during relaxation both in control and fatigue. The time to the midpoint of the shoulder increased from 43.3 ± 3.8 ms in control to 68.3 ± 2.5 ms at the end of phase 2. These values are higher than those for the time to peak force after releases (38.5 ± 5.5 ms and 44.3 ± 6.4 ms, respectively) and hence peak force consistently occurred during the linear phase of relaxation in mouse fibers.

Releases during Relaxation of Xenopus Fibers Exposed to an Inhibitor of SR Ca^2+^ Uptake
----------------------------------------------------------------------------------------

As a control for the accuracy of the method with releases during relaxation, we conducted experiments with releases of *Xenopus* fibers exposed to 500 nM 2,5-di(*tert*-butyl)-1,4-benzohydroquinone (tBuHQ or TBQ). tBuHQ was originally shown to inhibit endoplasmic reticulum Ca^2+^ pumps in hepatocytes ([@B34]), and we have more recently shown that it inhibits SR Ca^2+^-pumps of mouse skeletal muscle fibers ([@B48]). Thus application of tBuHQ would be expected to slow relaxation by increasing the calcium component while having little effect on the cross-bridge component. Fig. [7](#F7){ref-type="fig"} shows records from one of these experiments. As expected, application of tBuHQ slows relaxation and the amplitude of force redevelopment after the release is markedly increased and its peak delayed.

Fig. [7](#F7){ref-type="fig"} *C* shows mean data from six *Xenopus* fibers exposed to tBuHQ (t~1~ + t~2~ in control set to 100%). With application of tBuHQ, t~1~ was almost doubled whereas t~2~ showed no significant change. This means that the slowing could be fully explained by an effect on the calcium component of relaxation while the cross-bridge component remained unchanged.

Ramp Stretches during Relaxation
--------------------------------

The slowing of relaxation in fatigue of both *Xenopus* and mouse fibers involved a clear cross-bridge component. The origin of this alteration of cross-bridge kinetics is unclear; for example, during fatigue the reduction of maximum shortening velocity, which is a direct measure of cross-bridge kinetics, occurs with a time-course markedly different from that of the slowing of relaxation ([@B56]). The extent of longitudinal, intrafiber movements during relaxation is reduced in fatigue ([@B9]). This increased homogeneity might result in an increased resistance to stretch during later parts of relaxation which might contribute to the slowing of relaxation. In order to test this hypothesis, fibers were stretched at various times during relaxation, and the force response was compared to that obtained in stretches performed during the tetanic plateau. The upper part of Fig. [8](#F8){ref-type="fig"} shows records from one such experiment performed in a *Xenopus* type 1 fiber. Under control conditions, a stretch at the end of the linear phase of relaxation resulted in a small force increase which ended at the time of the shoulder despite continuing stretch (Fig. [8](#F8){ref-type="fig"} *A*). At the end of phase 2, on the other hand, a stretch performed later during relaxation resulted in a more marked force increase and force promptly declined at the end of the stretch, which indicates that the fiber responded to the stretch throughout the period of stretching (Fig. [8](#F8){ref-type="fig"} *B*); a stretch performed at the same time in control gave no force response (record not shown). Similar results were obtained in three more fibers (two type 1 and one type 2). Under control conditions, a stretch during the tetanic plateau resulted in a marked force increase which was maintained throughout the period of stretch and amounted to 28 ± 3% of the tetanic force (measured as the maximum force increase during the stretch). At the end of phase 2, the stretch induced increase of force during the tetanic plateau was similar to the increase in control in absolute terms, but since force declines during fatigue it amounted to 40 ± 5% of the tetanic force. A stretch during early relaxation (as in Fig. [8](#F8){ref-type="fig"} *A*) resulted in a transient force increase of 4 ± 2% in control, whereas the force response to this stretch was large (23 ± 5%) and maintained throughout the stretching period at the end of phase 2. Finally, the stretch late during relaxation (as in Fig. [8](#F8){ref-type="fig"} *B*) gave no noticeable force response in control, but a clear-cut increase (8 ± 4%) at the end of phase 2.

Changes of stretch resistance in fatigue were studied in four mouse fibers. Under control conditions, stretches during the tetanic plateau increased force by 44 ± 2% of the tetanic force. In agreement with the results from *Xenopus* fibers, the resistance to stretch during the plateau was not significantly reduced at the end of phase 2 despite a reduction of the tetanic force of about 30%. The lower part of Fig. [8](#F8){ref-type="fig"} shows records from a typical experiment with stretches during relaxation. Under control conditions, stretches during the initial, linear phase of relaxation gave a transient force increase which ended at the time of the shoulder (Fig. [8](#F8){ref-type="fig"} *C*). At the end of phase 2, a stretch with the same timing resulted in a somewhat larger force increase (Fig. [8](#F8){ref-type="fig"} *D*). However, as in the control, the force during the stretch started to decline at the time of the shoulder, and hence the larger stretch response at the end of phase 2 can be explained by the prolongation of the linear phase of relaxation in fatigue. Stretches performed after the shoulder never gave any noticeable force response. Thus, fatigued mouse fibers did not show the marked increase of stretch resistance during relaxation observed in fatigued *Xenopus* fibers.

One possible explanation for the difference in stretch resistance between fatigued mouse and *Xenopus* fibers is that *Xenopus* fibers are significantly acidified in fatigue ([@B53]) whereas mouse fibers are not ([@B45]), and it has been shown that acidosis results in a more isometric relaxation in frog fibers ([@B9]). To test this, stretches were produced in three mouse fibers which were acidified by about 0.5 pH-units by exposure to 30% CO~2~ ([@B45]). Acidosis increased the time to 70% relaxation of these fibers by 34 ± 10%. In acidosis stretches performed early during relaxation resulted in a force increase which was somewhat larger than in control, but ended promptly at the time of the shoulder. Stretches performed after the shoulder gave no clear force increase. Thus, the lack of acidosis in fatigued mouse fibers cannot explain their smaller stretch response as compared to fatigued *Xenopus* fibers.

discussion
==========

The main novel result of the present study is that the slowing of relaxation in fatigued *Xenopus* fibers is caused by slowing of a Ca^2+^-related component and a cross-bridge related component. This contrasts to the situation in fatigued mouse fibers where the slowing of relaxation, which is markedly smaller than in *Xenopus* fibers, seems to be exclusively caused by the cross-bridge related component. This conclusion is based on the results of experiments where the relative contribution of the two components of relaxation has been assessed by two completely independent methods: Ca^2+^-derived force and releases during relaxation. Both these methods are susceptible to various sources of error and these are discussed below. Nevertheless, the two independent methods gave qualitatively almost identical results, and hence the above conclusion seems to be justified.

Ca^2+^-derived Force and \[Ca^2+^\]~i ~- force Curves
-----------------------------------------------------

The Ca^2+^-derived force method depends on the accuracy of constructed \[Ca^2+^\]~i~-force curves. Under control conditions these curves were constructed from data-points obtained from unfatigued tetani with reduced stimulation frequency and from tetani during recovery from PCD. There are problems with both these situations. In tetani with reduced stimulation frequency there are large fluctuations of both force and \[Ca^2+^\]~i~, and thus the \[Ca^2+^\]~i~-force relation will to some extent depend on how records are measured (see [@B46]). During PCD there are changes of the fiber architecture with formation of large vacuoles ([@B28]), and it may be argued that these changes might affect the indo-1 signal; for example, some indo-1 may be trapped in vacuoles and may therefore not respond to changes of \[Ca^2+^\]~i~. However, the results of these two methods were very similar and frequently data-points of the two methods overlapped. Since the sources of error are markedly different in the two situations, this might indicate that the accuracy of \[Ca^2+^\]~i~-force relations is relatively good. It should also be noted that errors in the calibration of indo-1 and hence translation of fluorescent signals to \[Ca^2+^\]~i~ will have little impact on Ca^2+^-derived force; for instance, an increase of the dissociation constant of indo-1 will increase tetanic \[Ca^2+^\]~i~ but also result in a corresponding rightward shift of the \[Ca^2+^\]~i~-force curve, and the Ca^2+^-derived force record will remain unaffected.

One unexpected finding in the present study was that fatigued type 2 fibers showed no reduction of the myofibrillar Ca^2+^ sensitivity. In these fibers there is an acidosis of about 0.3 pH-units in fatigue ([@B53]), and the phosphocreatine store would be almost depleted at the end of phase 2 ([@B35]), which would result in a marked increase of inorganic phosphate (P~i~). Both acidosis and increased P~i~ are known to reduce Ca^2+^ sensitivity (e.g., [@B14]), and therefore a reduced sensitivity would be expected in fatigue. However, [@B57] recently performed experiments on frog fibers which were skinned either under control conditions or after fatiguing stimulation. They found that when bathed in the same solution, fibers skinned after fatiguing stimulation had an increased myofibrillar Ca^2+^ sensitivity. Thus there seems to be some factor in fatigued muscle fibers which can counteract the reduction of Ca^2+^ sensitivity induced by acidosis and increased P~i~. In type 1 fibers we observed a significant reduction of Ca^2+^ sensitivity. These fibers display a larger acidosis in fatigue which, assuming all other changes affecting Ca^2+^ sensitivity in fatigue being equal in type 1 and type 2 fibers, might explain the reduced sensitivity. The additional acidosis in type 1 fibers (0.3 pH-units) increased Ca~50~ by a factor of 1.3 (522 nM/392 nM; see Table [I](#TI){ref-type="table"}), which is in reasonable agreement with data from skinned fibers where Ca~50~ increases by a factor of ∼3 per pH-unit (e.g., [@B12]; [@B32]).

Releases during Relaxation
--------------------------

To study force redevelopment after releases during relaxation is an indirect way of estimating the calcium component (or "active state") during relaxation which may be affected by several sources of error. For example, active state curves have shown to be affected by the amplitude of the shortening step ([@B4]); to minimize this potential source of error we used the same step size both in control and during fatigue. Furthermore, rapid fiber shortening may affect Ca^2+^ binding to troponin ([@B15]) and hence also the calcium component of relaxation. Finally, force redevelopment after the release may be affected by the fact that relaxation occurs in two phases: an initial phase with linear force decline where fibers have been shown to be isometric; a second faster, exponential phase with longitudinal movements within fibers ([@B18]; [@B7]), which might impede force redevelopment. The present results in mouse fibers should not be affected by this because the peak of force redevelopment occurred during the linear phase both in control and at the end of phase 2. In *Xenopus* fibers the situation is more complex with peak force redevelopment occurring during the exponential phase of relaxation in control and with the two phases of relaxation being not clearly separated in fatigue. Thus, if force redevelopment is inhibited during the exponential phase, the calcium component (t~1~) would be underestimated in *Xenopus* fibers in control. This might explain the somewhat lower t~1~ to (t~1~ + t~2~) ratio in control obtained with releases as compared to those obtained in Ca^2+^-derived force experiments (0.49 vs. 0.61). It is worth noting that a similar relation between the calcium and cross-bridge component of relaxation in unfatigued *Xenopus* fibers has been obtained in experiments with the caged Ca^2+^ chelator diazo-2: activation of diazo-2 during relaxation resulted in approximately a doubling of the relaxation rate ([@B24]).

The present experiments with tBuHQ support the validity of the method with releases during relaxation. Analysis of the force redevelopment after releases in the presence of tBuHQ showed that the observed slowing of relaxation can be fully explained by slowing of the calcium component. This is the expected result since in mouse fibers tBuHQ has been shown to effectively inhibit the SR Ca^2+^ pumps while having no marked effect on myofibrillar function, as judged from measurements of the \[Ca^2+^\]~i~-force relation and maximum force production ([@B48]). Furthermore, tBuHQ has no significant effect on the maximum shortening velocity of *Xenopus* fibers (Westerblad, H., unpublished observation).

Slowing of the Calcium Component of Relaxation
----------------------------------------------

The present results showed a marked slowing of the calcium component of relaxation in fatigued *Xenopus* fibers. This contrasts to the situation in fatigued mouse fibers where the calcium component is not slowed as judged from release experiments in the present study and the Ca^2+^-derived force experiments of [@B47]. The present results indicate that the effectiveness of SR Ca^2+^ uptake is markedly different in frog and mammalian muscle. The analysis of SR Ca^2+^ uptake in *Xenopus* fibers gave a value of A (Eq. [2](#E2){ref-type="disp-formula"}), which reflects the rate of SR Ca^2+^ uptake of 238 μM^−3^ s^−1^ in control which compares to ∼8,700 μM^−3^ s^−1^ in mouse fibers ([@B47]). The rate of SR Ca^2+^ uptake is markedly reduced in fatigued mouse fibers, and A declines to ∼1,200 μM^−3^ s^−1^. However, this is still about five times higher than in unfatigued *Xenopus* fibers. Thus the SR Ca^2+^ uptake is much more effective in our mouse fibers, and these fibers may tolerate a marked inhibition of the uptake without displaying any major slowing of force relaxation. In *Xenopus* fibers, on the other hand, the SR Ca^2+^ uptake is less effective, and an inhibition will have immediate effects on force relaxation.

The mechanism behind the slower Ca^2+^ removal from the myoplasm in *Xenopus* than in mouse fibers is unclear. It appears not simply to be due to differences in function or content of SR Ca^2+^ ATPase ([@B41]), and more elaborate mechanisms have to be envisaged. Our method of analyzing SR Ca^2+^ uptake cannot distinguish between a reduced rate of Ca^2+^ uptake and an increased rate of SR Ca^2+^ efflux, provided these have a similar \[Ca^2+^\]~i~ dependence. Thus one possible mechanism is that the SR Ca^2+^ release channels (ryanodine receptors) close less effectively in frog muscles resulting in an increased SR Ca^2+^ efflux after tetanic contractions. In line with this hypothesis, there are large differences in SR Ca^2+^ release of frog and mammalian skeletal muscle; for instance, the voltage-activated flux of Ca^2+^ from the SR has recently been found to be several-fold larger in frog than in rat fibers ([@B40]) and the ratio of ryanodine to dihydropyridine receptors has consistently been found to be higher in frog than in mammalian muscle indicating that in frog muscle some ryanodine receptors are Ca^2+^ operated rather than under direct control by the dihydropyridine receptors and voltage changes in the t-tubules (e.g., [@B3]; [@B21]). The SR Ca^2+^ uptake also depends on the Ca^2+^ concentration gradient over the SR membrane. There are indications of a higher Ca^2+^ concentration in the SR of frog muscle as compared to mammalian muscle ([@B43]; [@B40]), which then might contribute to the slower SR Ca^2+^ uptake in *Xenopus* fibers as compared to mouse fibers.

The slowing of the Ca^2+^ removal from the myoplasm in fatigue might be due to metabolic factors acting on the SR Ca^2+^ pumps: a reduction of the free energy of ATP hydrolysis, due to increased concentrations of ADP and P~i~ and reduced concentration of ATP, might slow the SR Ca^2+^ pumps ([@B10]); the *Xenopus* fibers are acidified during fatigue and acidosis slows the rate of SR Ca^2+^ uptake (e.g., [@B23]; [@B46]). Furthermore, studies on homogenates obtained from fatigued muscles have shown a marked reduction of the rate of SR Ca^2+^ uptake as compared to homogenates from rested muscles (e.g., [@B5]). Since these measurements were performed in a constant ionic environment, the reduced rate cannot be ascribed to the direct action of metabolic factors, but rather to some structural derangement of the SR membrane.

Parvalbumin is a soluble, Ca^2+^ binding protein which exists in relatively large concentrations (up to ∼0.5 mM) both in the present *Xenopus* and mouse fibers ([@B55]; [@B25]). Parvalbumin is thought to speed up relaxation in contractions of short duration by acting in parallel with SR Ca^2+^ pumps to lower \[Ca^2+^\]~i~; during prolonged stimulation parvalbumin will become saturated with Ca^2+^ and can no longer act as a Ca^2+^ sink (for brief review see [@B17]). Results in agreement with this action of parvalbumin have been obtained in *Xenopus* fibers ([@B25]; [@B50]), and parvalbumin appears to become saturated with Ca^2+^ during fatigue ([@B54]). It should be noted that Ca^2+^ loading of parvalbumin will have little effect on the slowing of relaxation observed during fatigue with repeated tetani. This is because parvalbumin Ca^2+^ loading occurs at a rate of about 4 s^−1^ ([@B50]), and consequently a large fraction of the parvalbumin Ca^2+^ binding sites will be occupied with Ca^2+^ already at the end of the first tetanus of a fatigue run. In mouse fibers we have also obtained results indicating Ca^2+^ loading of parvalbumin with prolonged stimulation ([@B49]). However, in contrast to the situation in *Xenopus* fibers, this has no significant effect on force relaxation, presumably due to the very effective SR Ca^2+^ uptake in mouse fibers; a clear slowing of relaxation which can be ascribed to parvalbumin Ca^2+^ loading was obtained when the SR Ca^2+^ pumps were inhibited by tBuHQ ([@B49]). Thus, Ca^2+^ saturation of parvalbumin might contribute to the slowing of the calcium component of relaxation during fatigue only in *Xenopus* fibers, and the effect is presumably rather small.

Slowing of the Cross-bridge Component of Relaxation
---------------------------------------------------

Both the Ca^2+^-derived force method and the release method showed a clear slowing of the cross-bridge component in fatigued fibers of both *Xenopus* and mouse. The cross-bridge component involves Ca^2+^ dissociation from troponin C and subsequent cross-bridge detachment. It is now well established that these two steps interact so that strongly bound cross-bridges promote thin filament activation and Ca^2+^ binding (e.g., [@B42]). An interaction between Ca^2+^ dissociation from troponin C and cross-bridge detachment is supported by the bump in \[Ca^2+^\]~i~ records during relaxation ([@B6]): at the transition between the linear and exponential phases of force relaxation there is a marked reduction, or even reversal, of the rate of \[Ca^2+^\]~i~ decline which is believed to represent increased Ca^2+^ dissociation from troponin C as some part of the fiber starts to give and the number of strongly bound cross-bridges falls rapidly. In the present study this bump is clearly visible in control and early stages of fatigue where there is a clear shoulder in force relaxation (see control and tenth fatiguing tetani in Fig. [2](#F2){ref-type="fig"}). However, the two phases of force relaxation and the bump in \[Ca^2+^\]~i~ records are less clear in the later stages of fatigue in *Xenopus* fibers (see fatigued tetani in Figs. [2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}); at this stage stretches performed late during relaxation give a large force increase (Fig. [8](#F8){ref-type="fig"} *B*), which indicates that strongly bound cross-bridges remain throughout the length of the fiber.

In fatigued mouse fibers the slowed cross-bridge component is mainly due to a slowing and prolongation of the linear phase of relaxation ([@B55]). Stretch experiments were performed to investigate the mechanism behind this prolongation, and these experiments gave similar results in control and fatigued mouse fibers: the stretch resistance declined rapidly at the transition between the linear and exponential phase of relaxation (Fig. [8](#F8){ref-type="fig"}, *C* and *D*). Similar stretch results were also obtained when relaxation was slowed by producing acidosis in rested mouse fibers. Thus, the prolongation of the linear phase of relaxation in fatigued mouse fibers can simply be explained by a corresponding increase of the period of isometric relaxation.

We propose the following model for the slowed cross-bridge component in fatigued mouse fibers. During fatigue there is a marked increase of P~i~ due to break-down of phosphocreatine ([@B35]). An increase of P~i~ has been shown to reduce the rate of myofibrillar ATP turnover during isometric contraction of skinned fibers, presumably by a net shift of cross-bridges from an attached, high-force state (actomyosin-ADP) to an attached, low-force state (actomyosin-ADP-P~i~) (e.g., [@B8]; [@B38]). The slowing of myofibrillar ATP turnover will result in a reduced rate of cross-bridge detachment during relaxation leading to a slower force decline during the linear phase of relaxation. The reduced rate of myofibrillar ATP turnover will also lead to an increased duration of the linear phase of relaxation. This is because cross-bridges in the attached, low-force state resist stretch ([@B19]), and thus it will take longer to reach the state where the number of attached cross-bridges in some sarcomeres has become so low that these sarcomeres no longer can resist the stretch from other sarcomeres with a larger number of attached, high-force cross-bridges. In addition, the model can explain the force reduction at the end of phase 2: increased P~i~ will promote a net shift of cross-bridges from the attached, high-force state to the attached, low-force state. The model is also consistent with the finding that the resistance to stretch during the tetanic plateau is not reduced during fatigue: the total number of attached cross-bridges is not reduced and the attached, low-force cross-bridge state can support force upon stretch ([@B19]). In support of the model it has been shown that stiffness, a measure of the number of attached cross-bridges, is reduced less than force both with increased P~i~ ([@B16]; [@B31]; [@B19]) and during fatigue ([@B11]). Furthermore, the rate of relaxation is reduced by elevated P~i~ in skinned fiber experiments where relaxation was induced by activation of the caged Ca^2+^ chelator diazo-2 ([@B36]). It should, however, be noted that there are results which show that cross-bridge kinetics might become faster with increasing P~i~. For example, the relaxation from rigor due to activation of caged ATP is accelerated by P~i~ ([@B16]), and after activation of caged P~i~, the force decline of isometrically contracting fibers becomes faster as the liberated P~i~ is increased ([@B33]). Moreover, a reduction of P~i~ below the normal resting level has been shown to slow the relaxation of intact, mouse soleus muscle ([@B37]), which could be taken as a strong evidence against the model. However, it might be hypothesized that relaxation is slowed both at reduced and elevated P~i~, similar to the situation with changes of intracellular pH where both acidification and alkalinization result in slowed relaxation ([@B46]). Thus, our proposed model should be regarded as an early attempt to explain the cross-bridge component of the slowing of relaxation in fatigued mouse fibers, and further experiments are required to either confirm or disprove the model.

Under control conditions the stretch resistance of *Xenopus* fibers was similar to that in mouse fibers (Fig. [8](#F8){ref-type="fig"} *A*). In fatigue, on the other hand, stretches performed late during relaxation gave a clear force increase that was maintained throughout the period of stretching (Fig. [8](#F8){ref-type="fig"} *B*). Thus, the period of isometric relaxation seems to be markedly prolonged in fatigued *Xenopus* fibers, which is consistent with previous results from frog muscle ([@B9]). This means that the large increase of \[Ca^2+^\]~i~ after tetani in fatigued *Xenopus* fibers might have an important effect on force, whereas this is not the situation in rested fibers where longitudinal movements would prevent force production despite a relatively high \[Ca^2+^\]~i~.

The above proposed model to explain the slowed cross-bridge component of relaxation in fatigued mouse fibers can also be applied to fatigued *Xenopus* fibers. However, while the cross-bridge component increased by 30% in fatigued mouse fibers, it was doubled in fatigued *Xenopus* fibers. This extra slowing in *Xenopus* can be explained, using the same reasoning as above, by the acidification of these fibers during fatigue because acidosis further depresses the rate of myofibrillar ATP turnover in the presence of high P~i~ ([@B8]; [@B38]).

Conclusion
----------

The reduced relaxation speed in fatigued *Xenopus* muscle fibers is caused by a slowing of both the Ca^2+^ and cross-bridge component of relaxation. This contrasts to the situation in fatigued mouse fibers where the slowing of relaxation is only due to altered cross-bridge kinetics. This difference can be explained by a markedly less effective Ca^2+^ handling by the SR in *Xenopus* fibers.
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![Typical records of tetanic \[Ca^2+^\]~i~ (*A*) and force (*B*) in control and during fatigue. Records from a type 2 fiber. Periods of stimulation are indicated below the force records. \[Ca^2+^\]~i~ records shown with thick lines were produced without kinetic correction; in the records with more noise (*thinner lines*) a kinetic correction has been performed using a Ca^2+^ off rate of indo-1 of 52 s^−1^.](JGP.westerblad2){#F2}

![Releases during relaxation in a *Xenopus* fiber (*A* and *B*) and in a mouse fiber (*D* and *E*). Records were obtained in control (*A* and *D*) and at the end of phase 2 (*B* and *E*). Force records with full lines were obtained with the release and records with dashed lines in a preceding tetanus without release. Upward arrows show time of releases; the amplitude of releases was 200 μm for the *Xenopus* fiber and 70 μm for the mouse fiber. Measurements were performed from the end of stimulation (*dotted lines*) to the time of peak force after the release (t~1~) and then to the time when the same relative force was produced in the preceding tetanus without release (t~2~). Note that in the mouse fiber the shortening step resulted in a reduction of the resting force, and measurements were therefore performed at somewhat different absolute force levels. Mean data of the time of real force relaxation (t~1~ + t~2~, •) and the time to peak force after the release (t~1~, ▾) obtained in *Xenopus* fibers (*C*; *n* = 6) and mouse fibers (*F* ; *n* = 4). The relaxation time of real force in control was in each experiment set to 100%.](JGP.westerblad6){#F6}

![Tetanic force and \[Ca^2+^\]~i~ during fatiguing stimulation in type 1 and type 2 fibers. Mean values (±SEM) of tetanic force (*A*) and tetanic \[Ca^2+^\]~i~ (*B*) during fatigue in type 1 fibers (○; *n* = 3) and type 2 fibers (•; *n* = 4). Data obtained in the first tetanus, the tenth tetanus, the 20th tetanus, at the end of phase 2, and at the end of fatiguing stimulation. \[Ca^2+^\]~i~ signals were corrected for changes in pH (see [materials and methods]{.smallcaps}) at the end of phase 2 and at the end of fatiguing stimulation.](JGP.westerblad1){#F1}

![\[Ca^2+^\]~i~-force relations of a type 1 fiber in control and during fatigue. (*A*) Examples of tetanic \[Ca^2+^\]~i~ and force records used to construct \[Ca^2+^\]~i~-force curves. Dashed lines indicate how measurements were performed. The "Control" tetanus was produced at a reduced stimulation frequency (15 Hz) before fatiguing stimulation, while the "Control (recovery)" tetanus was produced at 20 min after the end of fatiguing stimulation. Periods of stimulation are indicated below force records. Curves in *B* represent least square fits of Eq. [1](#E1){ref-type="disp-formula"} to data-points obtained in control (○, reduced stimulation frequency; ▿, during recovery after fatiguing stimulation) and during fatigue (•), respectively. Arrows indicate data-points from the tetani shown above.](JGP.westerblad3){#F3}

###### 

Changes of the \[Ca^2+^\]~i  ~- force Relation in Fatigue

                              Type 1 (*n* = 3)                                  Type 2 (*n* = 4)
  ------------------------ -- ---------------------------------------------- -- -----------------------------------------------
  P~max~ end phase 2 (%)      87.3 ± 3.8[‡](#TFI-152){ref-type="table-fn"}      84.5 ± 3.2[\*](#TFI-150){ref-type="table-fn"}
  Ca~50~ (nM)                                                                   
   Control                    392 ± 14                                          646 ± 94
   End phase 2                522 ± 16[\*](#TFI-150){ref-type="table-fn"}       651 ± 60
  N                                                                             
   Control                    2.3 ± 0.6                                         4.1 ± 1.1
   End phase 2                3.5 ± 0.6                                         4.5 ± 0.7

Significant changes (*P* \< 0.05) as compared to controls in two-tailed ( 

) and one-tailed ( 

) *t* tests.  

![Real and Ca^2+^-derived force of *Xenopus* fibers in control and at the end of phase 2. Records obtained from a type 1 fiber in control (*A*) and at the end of phase 2 (*B*). Records with higher noise level represent Ca^2+^-derived force. Dashed lines indicate end of tetanic stimulation. Measurements were performed at 70% of the tetanic force (*horizontal lines*); t~1~ represents the calcium component, and t~2~ represents the cross-bridge component of relaxation. *C* shows collected data (mean ± SEM; *n* = 7) of the relative time of real force relaxation (t~1~ + t~2~, •) and relaxation of the calcium component (t~1~, ▾). The relaxation time of real force in control was in each experiment set to 100%.](JGP.westerblad4){#F4}

![Analysis of the function of SR Ca^2+^ pumps in control and at the end of phase 2. (*A*) Average records from seven fibers of \[Ca^2+^\]~i~ after tetanic stimulation in control and at the end of phase 2. Dashed curves obtained by a least square fit of the sum of two exponentials to the records. Tetanic stimulation ended at 0 s. *B* shows plots of the rate of \[Ca^2+^\]~i~ decline (d(\[Ca^2+^\]~i~)/d*t*) vs. \[Ca^2+^\]~i~ in control and at the end of phase 2. Data-points for control (○) and end of phase 2 (•) were obtained from fitted curves in *A*. Curves in *B* were produced by fitting Eq. [2](#E2){ref-type="disp-formula"} to the data-points.](JGP.westerblad5){#F5}

![Releases during relaxation in a *Xenopus* fiber where the SR Ca^2+^ uptake was inhibited by tBuHQ. Force records with (*full lines*) and without (*dashed lines*) releases before (*A*) and after 10-min exposure to 500 nM tBuHQ (*B*). Dotted lines show end of tetanic stimulation; upward arrows indicate the time when a 250 μm release was performed. Measurements indicated by horizontal lines; observe that the time to peak force after the release (i.e., the calcium component) increased in tBuHQ, whereas the time from the peak to the same real force level (i.e., the cross-bridge component) remained constant. *C* shows mean data (*n* = 6) of the relative relaxation time of real force (•) and the calcium component (▾) from control and tBuHQ.](JGP.westerblad7){#F7}

![Ramp stretches at constant velocity performed during relaxation in a *Xenopus* fiber (*A* and *B*) and a mouse fiber (*C* and *D*). Dashed lines show force of tetani produced immediately before the tetani with stretches. Dotted lines mark the beginning and end of stretches; the amplitude of the stretch was 100 μm for the *Xenopus* fiber and 40 μm for the mouse fiber. Periods of stimulation are given below each force record. Observe that the stretch in the *Xenopus* fiber was produced later into relaxation at the end of phase 2 than in control. Note also the different time scales for *Xenopus* and mouse.](JGP.westerblad8){#F8}
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